The widespread use of gene expression analyses has been limited by the lack of critical evaluations of the methods used to extract nucleic acids from human tissues. For evaluating gene expression patterns in whole blood or leukocytes, the method of RNA isolation needs to be considered as a critical variable in the design of the experiments. Quantitative real-time PCR (qPCR) is widely used for the quantification of gene expression in today's clinical practice. Blood samples as a preferred RNA source for qPCR should be carefully handled and prepared in order not to inhibit gene expression analyses. The present study was designed to compare the frequently employed guanidine thiocyanate-phenol-chloroform-based method (TRI Reagent ® ) with two alternative RNA isolation methods (6100 PrepStation and QIAamp ® ) from whole blood or leukocytes for the purpose of gene expression analysis in chronic myeloid leukemia (CML) patients. Based on the results of this study, for the best combination of yield and RNA extraction purity, taking into account the necessary amount of the clinical sample and performance time, the protocol using phenol-based TRI Reagent ® for RNA extraction from leukocytes is suggested as the most suitable protocol for this specific gene expression analysis.
INTRODUCTION
The development of molecular medicine, particularly in the last decade, undoubtedly put new molecular diagnostic tests into the focus. Most of these tests employ some kind of gene expression analysis. The widespread use of gene expression analyses has been limited by the lack of critical evaluation of the methods used to extract nucleic acids from human tissues. Quantitative real-time PCR (qPCR) is widely used for the quantification of gene expression in today's clinical practice. 1 Blood is an easy to obtain tissue and reflects the relevant information about the body, which makes it the preferred source of RNA for diagnostic tests. Blood samples for qPCR should be carefully handled and prepared so as not to inhibit gene expression analysis. 2 The absence of widely accepted protocols for blood sampling and further RNA extraction among laboratories is evident. Each laboratory has to establish the optimal procedure for the specific clinical application.
For evaluating gene expression patterns in whole blood or leukocytes, the method of RNA isolation needs to be considered as a critical variable in the design of the experiments. 3 Low quality and quantity of RNA often make all downstream applications impossible to conduct. Inadequate sampling, shipping and handling could easily cause degradation of RNA. 4 It is crucial to decrease the sampling time to a minimum and preferably store samples in RNA later. 5 Clinical samples of limited quantity are specially challenging, since unsuccessful RNA isolation means that the opportunity to analyze that particular sample is irretrievably lost.
Phenol-based methods are most commonly used for RNA isolation. When dealing with small clinical samples, a single extraction reagent (such as phenol--based TRI Reagent ® ) is crucial in order to obtain sufficient material for subsequent analyses. 6 Due to the high activity of RNAses in tissues, it is necessary to include a strong chaotropic (biologically disruptive) agent into the isolation reagent mixture. Guanidinium salts, together with phenol and chloroform (added to improve the deproteinization efficacy of phenol) denature and precipitate proteins without altering the solubility of RNA. 7 In our laboratory, monitoring of the minimal residual disease in patients diagnosed with chronic myeloid leukemia (CML) is performed by detection of the bcr-abl fusion-gene (specific for chromosomal translocation t (9:22)) by qPCR. 8 The present study was designed to compare the mentioned guanidine thiocyanate-phenol-chloroform-based method with two alternative methods for RNA isolation from whole blood or leukocytes in order to establish the most adequate one for this specific downstream qPCR. To validate the quality of isolation process, both the yield and the purity of RNA were assessed and also the quality control of cDNA synthesis was performed by PCR amplification of reference genes. As a result of this evaluation, subsequent qPCR analysis was successfully conducted (the results are not included in this manuscript).
EXPERIMENTAL

Patient and control samples
The current study included five control (healthy) subjects and fourteen patients with CML. The patients were under medical treatment for CML and had been under constant observation for detection of minimal residual disease in our laboratory for several months. From each control and patient, 20 mL EDTA blood were drawn by venipuncture and further pro-cessed within a few hours. According to the RNA isolation protocols from whole blood, specified amounts of blood, just from control samples, were transferred immediately into separate tubes and processed the same day. The rest of the blood was used for leukocyte isolation by centrifugation, according to the established procedure used in our laboratory. The isolated cells were counted and pellets were stored at -70 °C until RNA isolation.
RNA isolation
Three methods for extraction of total cellular RNA from blood and leukocytes were evaluated. The isolations were performed following the manufacturers' instructions with minor modifications.
Whole blood RNA isolation
Total RNA samples were isolated from whole blood only from the controls using TRI Reagent ® BD kit (Sigma) (the TRI Reagent ® ), Applied Biosystems Total RNA Isolation Chemistry kit for Abi Prism™ 6100 Nucleic Acid PrepStation (the 6100 PrepStation) and QIAamp ® RNA Blood Mini kit (Qiagen) (the QIAamp ® ). Briefly, 200 µL of the blood samples were lysed in TRI Reagent ® BD supplemented with 5 M acetic acid, and the lysate was separated into aqueous and organic phases via chloroform addition and centrifugation. The RNA sample was then precipitated from the aqueous phase by 2-propanol and solubilized with 40 µL RNAase-free water. For the standard RNA isolation protocol on the 6100 PrepStation, 200 µL of the blood samples were lysed and purified using Applied Biosystems Total RNA isolation chemistry. For the QIAamp ® method, the protocol for human whole blood was realized without any modification using 1 mL of blood as the starting material. The extracted RNA was eluted in 40 µL RNAase-free water.
Leukocyte RNA isolation
Total RNA samples were isolated from leukocytes from four controls (the fifth had to be discarded) and from all CML patients using the same methods, performing the protocols for whole blood according to the manufacturers' recommendations with minor modifications. The only difference in the phenol-based method was the first step, in which the cells (5×10 6 cells from controls; 10 7 cells from patients) were lysed with TRI Reagent ® (Sigma) (TRI Reagent ® ). Aliquots of 2.1×10 6 and 1.3×10 6 cells from controls and patients, respectively, were taken for the standard RNA isolation protocol on the 6100 PrepStation. Finally, aliquots of 5×10 6 cell pellets from controls and patients were dissolved in 1 mL of normal saline solution and further processed according to the QIAamp ® protocol for whole blood. This additional step was performed in order to selectively lyse the remaining erythrocytes in the pellets.
RNA quantization and visualization
The total RNA of each sample was quantified using a spectrophotometer (Eppendorf BioPhotometer) by the ultraviolet light absorbance at 260 nm. The ratio A 260 /A 280 was used to assess the purity of the isolated RNA. The RNA concentration was calculated in μg µL -1 . To analyze the RNA banding pattern, gel electrophoresis (Pharmacia Biotech) in 2 % agarose gels with ethidium bromide was performed. The RNA samples (6 µL) mixed with xylene cyanol color (3 µL; 0.25 % xylene cyanol in 30 % glycerol in water) and 0.5-μL portion (1.0 μg µL -1 ) of molecular weight marker 1 kb DNA Ladder (Invitrogen) were run in 0.5xTBE buffer for 50 min at 25 mA. The RNA bands were visualized on a UV transilluminator (Hoefer) and photographed using a Nikon D70s camera.
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To perform RT-PCR with random primers, 2 μg of total RNA were used as template for MultiScribe™ Reverse Transcriptase (50 U μL -1 ) in a High-Capacity cDNA Reverse Transcription kit (Applied Biosystems) according to manufacturer's instructions. The reaction mixtures (20 µL) were incubated in a Mastercycler gradient (Eppendorf). cDNAs were analyzed by 2 % agarose gel electrophoresis and visualized on a UV transilluminator.
The PCR step was performed in a volume of 25 μL, including 2 μl 100 ng μL -1 of cDNA, 12.5 μL of AmpliTaq Gold PCR Master Mix (Applied Biosystems), 1 μL 10 pmol μL -1 each of the two Abl primers (Applied Biosystems) and 0.8 μL 10 pmol μL -1 each of the two p53 primers (Applied Biosystems). A tube with water instead of cDNA was used as the negative control (NTC -non-template control) in both PCR reactions. The sequence of the forward PCR primer for Abl was TGGAGATAACACTCTAAGCAT, whereas the sequence of the reverse PCR primer for Abl was GATGTAGTTGCTTGGGACCCA. The sequences of the forward and reverse PCR primers for p53 were ACTGGCCTCATCTTGGGCCT and TGTGCAGGGTGGCAAGTGGC, respectively. PCR for Abl was performed in a Mastercycler gradient for 30 s denaturation at 95 °C followed by 35 cycles consisting of 30 s at 94 °C, 1 min at 65 °C, 1 min at 72 °C and a hold at 16 °C. For the p53 PCR, the reaction mixtures were heated at 95 °C for 5 min and then subjected to 35 cycles at 95 °C for 1 min and at 60 °C for 1 min, followed by a hold at 4 °C in the same thermal cycler. A 6-μL portion of PCR products and 3-μL portion of ready-to-use molecular weight marker O'Gene Ruler 100 bp DNA Ladder (Fermentas) were analyzed by 40 min agarose electrophoresis. The PCR product bands were visualized on a UV transilluminator and photographed. A sample was considered positive for Abl when it generated a PCR product of the expected size of 123 bp in the Abl PCR reaction, whereas the generated product of 171 bp in p53 PCR reaction indicated a sample positive for p53.
RESULTS AND DISCUSSION
The RNA concentrations and A 260 /A 280 ratios of each control and patient sample obtained using the TRI Reagent ® , 6100 PrepStation and QIAamp ® method are given in Table I . In all tested samples, the highest concentration was achieved with the TRI Reagent ® (between 0.888 and 6.338 μg μL -1 ), while with QIAamp ® , it was much lower (between 0 and 0.197 μg μL -1 ). The 6100 PrepStation system showed a poor performance (between 0 and only 0.012 μg μL -1 ). The average RNA concentrations for each method are shown in Fig. 1 . There is a clear difference in mean RNA concentrations between the TRI Reagent ® method and the other two methods (those obtained using the TRI Reagent ® were noticeably higher). The results also show the difference between concentrations of the RNA samples isolated from blood and those from leukocytes (the blood RNA concentrations were lower).
One of possible explanations for the highest yield of RNA obtained with TRI Reagent ® could be the amount of the starting material, as well as the different biochemical mechanism of cell lysis. In the cases of QIAamp ® and the 6100 PrepStation, we were limited at the beginning by the maximum amount of starting material, recommended by manufacturer. The A 260 /A 280 ratios (Table I ) had values lower than 2.0 (the expected value for a pure RNA sample) for most of the samples (just one sample had an A 260 /A 280 ratio 3.0). The QIAamp ® method resulted in the highest values, ranging from 1.3 to 3.0, but many of the samples even had no available value (NA) because A 280 was zero. For the TRI Reagent ® method, these values ranged from 1.4 to 1.8 and practically all values for 6100 PrepStation, except one (0.3), were NA. The highest purity of RNA obtained by the QIAamp ® method was expected due to high selective binding properties of the silica-based membrane, but the yield of RNA, regardless of its purity, was not sufficient for further cDNA synthesis and expression analysis by qPCR. During the isolation procedure with TRI Reagent ® , one ethanol washing of the RNA pellet was omitted in an effort to ma-ximize the yield, which may be the reason of the lower purity RNA. The 6100 PrepStation employs selective precipitation of RNA and its physical capture on a membrane, giving the possibility of isolating very pure RNA but, except in a few cases, measurable values of the RNA concentration were not obtained. In order to verify the integrity, all RNA samples for each of the extraction methods were analyzed using 2 % agarose gel electrophoresis. High quality RNA was indicated by visible bands on the agarose gels only for certain methods. Agarose gel electrophoresis of isolated control RNA samples is shown in Fig. 2 . From whole blood control samples, RNA bands are visible only for the QIAamp ® method, while from leukocytes control samples, they are also visible for the QIAamp ® and TRI Reagent ® methods. Clearly, the RNA obtained from leukocytes showed more defined and visible bands, indicating a low level of degradation. Therefore, it was decided to use leukocytes as the RNA source. The RNA band patterns for patient samples isolated from leukocytes by the TRI Reagent ® and QIAamp ® methods are shown in Fig. 3 (the agarose gel for the 6100 PrepStation method is not shown because there were no visible RNA bands). The RNA bands obtained by QIAamp ® are more defined than those obtained by TRI Reagent ® , due the higher purity of the former, but the problem of the amount remains. Since the next step of the analysis is RT-PCR, which requires in this specific case 2 μg of RNA (in order to obtain the minimal amount of cDNA for qPCR), it is evident that the QIAamp ® method would not provide enough RNA from all samples. Although some control and patient samples may have sufficient RNA concentrations when obtained by the QIAamp ® method, it is crucial that the method of choice always provides the necessary amounts of RNA. On the other hand, the TRI Reagent ® method consistently provided sufficient amounts of RNA for all the analyzed samples and was therefore chosen as the most adequate protocol for this specific purpose. Following electrophoresis, RNA obtained with TRI Reagent ® from leukocytes from each control and patient subject were assayed in RT-PCR, as described in the Experimental (results not shown). The synthesized cDNAs were further amplified with Abl and p53 primers in separate PCR reactions according to the protocol described in the Experimental. Agarose gels with PCR product bands and DNA molecular weight marker are represented in Fig. 4 . PCR products of 123 bp in the Abl PCR reaction and of 171 bp in the p53 PCR reaction were obtained in practically all tested samples. The fact that visible bands of PCR products for both genes were obtained indicates that there are no inhibitors in template RNA preparations and that obtained cDNA was of satisfactory quality for further analysis. The subsequent gene expression analysis by qPCR for the detection of the bcr-abl fusion transcript was successfully performed on all patient cDNA samples (the results are not shown). This diagnostic procedure is a part of everyday clinical routine in our laboratory. 
CONCLUSIONS
In light of the obtained results for the best combination of yield and RNA extraction purity, taking into account the required amount of the clinical sample and the performance time, the protocol using the phenol-based TRI Reagent ® for RNA extraction from leukocytes is suggested as the most suitable protocol for this specific gene expression analysis.
